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1. INTRODUCTION {#jcmm15277-sec-0001}
===============

Aortic valve (AV) stenosis due to calcific aortic valve disease (CAVD) is the most common heart valve disease in developed countries.[^1^](#jcmm15277-bib-0001){ref-type="ref"} About 33% of elderly patients have echo‐cardiographic evidence of calcific aortic valve sclerosis---an early and subclinical form of CAVD.[^2^](#jcmm15277-bib-0002){ref-type="ref"}, [^3^](#jcmm15277-bib-0003){ref-type="ref"} The presence of CAVD is very common in patients with type 2 diabetes (occurring in up to \~45% of patients) and is associated with an increased risk of degenerative aortic valve disease and of cardiovascular mortality, independently of established risk factors.[^4^](#jcmm15277-bib-0004){ref-type="ref"}, [^5^](#jcmm15277-bib-0005){ref-type="ref"}

Currently, pharmacological approaches for slowing down the progression of this disease are unavailable, with surgical repair and valve replacement as the primary treatment of CAVD.[^6^](#jcmm15277-bib-0006){ref-type="ref"} Some of the reasons responsible for the absence of proper pharmacotherapy include (a) the lack of a proper valve leaflet model where valvular cells might communicate better and (b) the molecular pathways through which valvular calcification is triggered still need to be uncovered.

The human AV is an avascular tri‐leaflet structure with a thickness of approximately 1 mm, comprised of an outer layer of valve endothelial cells (VEC), three internal layers---fibrosa, spongiosa and ventricularis---made up in majority of valve interstitial cells (VIC) and different matrix elements. VEC maintain valve homeostasis by regulating permeability, inflammatory cell adhesion and paracrine signalling with interstitial cells.[^7^](#jcmm15277-bib-0007){ref-type="ref"} VIC are a group of heterogeneous cells with high plasticity and mechanical adaptability regulated both biomechanically and biochemically.[^8^](#jcmm15277-bib-0008){ref-type="ref"} They are similar to fibroblasts when quiescent and to myofibroblasts when activated, their phenotype being modulated by spatial variations in matrix elasticity and organization.[^9^](#jcmm15277-bib-0009){ref-type="ref"}, [^10^](#jcmm15277-bib-0010){ref-type="ref"} Differentiation of VIC from fibroblast to myofibroblast phenotype is critical for wound healing in vivo and may also be critical in the production of native extracellular matrix (ECM) during valve tissue engineering.[^11^](#jcmm15277-bib-0011){ref-type="ref"} VIC actively maintain and repair heart valve tissue by producing ECM, including collagen, elastin and glycosaminoglycans, that provide tensile strength and elasticity to the valve.[^12^](#jcmm15277-bib-0012){ref-type="ref"} However, in diseased valves, the persistent activation of VIC disrupts normal cellular and matrix architecture and can lead to calcification. The role of VIC in the progression of CAVD continues to be a subject of intense research, although their implication was demonstrated by experiments that showed the transition of VIC to osteoblasts and calcific nodules formation.[^13^](#jcmm15277-bib-0013){ref-type="ref"}

Previously, it was shown that interactions between VIC with specific peptides of ECM promote specific cellular functions and subsequently the calcification process.[^14^](#jcmm15277-bib-0014){ref-type="ref"} It was also found that maintenance of a quiescent phenotype of VIC is highly sensitive to culture conditions. Therefore, when cultured in conventional culture (2D), VIC undergo spontaneous activation, similar to pathological differentiation, which intrinsically limits their use for in vitro models to study CAVD evolution.[^15^](#jcmm15277-bib-0015){ref-type="ref"} When VIC were cultured on soft hydrogel substrates, the expression level of many critical genes was restored to level measured in freshly isolated cells.[^16^](#jcmm15277-bib-0016){ref-type="ref"} More interesting data came from co‐culture experiments between VIC and VEC, where it was demonstrated that calcific nodule formation was inhibited by a nitric oxide donor,[^17^](#jcmm15277-bib-0017){ref-type="ref"} implying the beneficial role of VEC. Moreover, in a study on VIC‐VEC communication, porcine VEC prevented VIC from calcification in osteogenic medium, reflected in normal expression of osteogenic molecules Runt‐related transcription factor (Runx2) and osteocalcin (OSC).[^18^](#jcmm15277-bib-0018){ref-type="ref"}

We recently found that AV function and structure was affected in a hyperlipaemic ApoE^‐^/^‐^ diabetic mouse model even from the first week of diabetes onset, due to effects on remodelling and osteogenic molecules.[^19^](#jcmm15277-bib-0019){ref-type="ref"} However, insufficient data exist regarding the effect of high glucose (HG) levels associated with diabetic conditions, on VEC/VIC phenotype in the context of valvular calcification. Previously, our group showed that HG induces enhanced monocyte adhesion to VEC via a mechanism involving the cell adhesion molecules: ICAM‐1, VCAM‐1 and CD 18.[^20^](#jcmm15277-bib-0020){ref-type="ref"} Recently, using a 2D culture, it was found that VIC from sheep origin do not show morphological changes and do not acquire an osteogenic phenotype in hyperinsulinaemia or hyperglycaemia.[^21^](#jcmm15277-bib-0021){ref-type="ref"}

In this context, a 3D scaffold with human VEC and VIC, that supports and promotes VIC‐mediated ECM remodelling, while preserving VIC fibroblastic phenotype, would be promising for the study of valvular cells interaction in normal as well as pathological conditions, and molecular mechanisms of leaflet calcification. Therefore, we developed and characterized a 3D construct with human valvular cells, exposed it to HG concentration for 7, 14 and 21 days and investigated the effect of HG on main osteogenic molecules and signalling mechanisms associated with valvular calcification. As previous data showed that VIC grown in gelatin‐based hydrogels exhibited key characteristics of their native morphology,[^10^](#jcmm15277-bib-0010){ref-type="ref"} we used a similar hydrogel composition.

Our findings indicate that, in the first two weeks, VIC dynamically remodel the hydrogel microenvironment by deposition of native ECM and synthesis of MMPs (MMP‐1, MMP‐2, MMP‐9 and MMP‐13). After 2 weeks, VIC exhibit a quiescent phenotype with low levels of α‐SMA, while VEC are well differentiated and protect the 3D construct from calcification upon exposure to osteogenic conditions. When 3D constructs were exposed to HG conditions, VEC and VIC exhibit activated BMP‐2 and TGF‐β signalling pathways with increased expression of osteogenic molecules. These molecules were expressed differently in VIC versus VEC, suggesting both similar and different mechanisms of HG effects on valvular cells.

2. MATERIALS AND METHODS {#jcmm15277-sec-0002}
========================

2.1. Human VEC and VIC isolation and culture {#jcmm15277-sec-0003}
--------------------------------------------

Primary VEC and VIC were harvested from non‐calcified cusps (or portions of the cusp) of human aortic valves obtained from 3 patients who underwent valve replacement surgery (according to *Dr Carol Davila Central Military Emergency University Hospital* protocol) for severe calcific aortic valve stenosis. The investigation was carried out according to the principles outlined in the Declaration of Helsinki for experiments involving human samples.[^22^](#jcmm15277-bib-0022){ref-type="ref"} Participants gave their written informed consent by signing the appropriate paperwork and respecting their anonymity and privacy rights. The Ethics Committee of the Institute of Cellular Biology and Pathology 'Nicolae Simionescu' has approved the study.

Calcific deposits or thickened lesions were removed from the leaflet, and the remaining non‐calcified tissue was cut into smaller pieces that were enzymatically digested for 5‐10 minutes with collagenase I (Biochrom/Merck) at 37°C. Released VEC were cultured in endothelial cell growth medium with 20% FBS (Gibco) and 100 U/mL penicillin, 100 μg/mL streptomycin and 50 μg/mL neomycin (Sigma‐Aldrich, Germany). VEC used in this work were isolated from three different patients (characterized in Table [S1](#jcmm15277-sup-0001){ref-type="supplementary-material"}). For VIC isolation, enzymatic digestion of valve pieces was continued for 4‐5h at 37°C, using Liberase (Roche, Sigma). The resulted VIC were cultured in DMEM with 15% FBS and antibiotics. To limit the inter‐individual variability, we performed the majority of experiments using commercial VIC (cryo‐preserved valvular Interstitial cells/ P10462---Innoprot), except for VIC used in Figure [1B](#jcmm15277-fig-0001){ref-type="fig"} and Figure [S1](#jcmm15277-sup-0001){ref-type="supplementary-material"}B, that were obtained from a single patient.

![Obtaining the 3D construct, morphology of valvular cells from the 3D construct. A, 3D‐construct development: human VIC at a density of 2 million cells/mL were re‐suspended in G‐MA hydrogel solution (10% porcine gelatin methacrylate, 1% alginate and 0.5% Photo‐initiator---Irgacure 2595). 100 μL of VIC‐laden pre‐polymer solution was dropwise added on a 48‐cavity mould (Ø ‐ 8, 1 mm thickness) and subsequently cross‐linked by exposure for 1 minute to UV light (365 nm). Resulted 3D constructs were removed from the mould and cultured, according to protocol. After 24 h, VEC (5 × 10^5^/cm^2^) were seeded on top of 3D constructs. B, Valvular cells morphology in 3D construct at day 7 of culture as determined by phalloidin labelled F‐actin (red) and DAPI nuclear staining (blue). Hydrogel formula supports cell network development of VIC (inside the hydrogel) and VEC proliferation as a monolayer on the scaffold surface. Contrast phase images of the surface and inside of hydrogel with VIC encapsulated inside and VEC cultured on top. Scale bar indicates 100 µm](JCMM-24-6350-g001){#jcmm15277-fig-0001}

Following the first cell passage, CD31‐positive VEC were purified using magnetic beads conjugated to monoclonal anti‐human CD31 antibody (Miltenyi Biotec). VEC phenotype was confirmed by contact inhibited growth and expression of endothelial‐specific markers such as PECAM1 (CD31) and von Willebrand factor (vWF). VIC phenotype was established by expression of vimentin and alpha‐smooth muscle actin (α‐SMA).

2.2. Hydrogel synthesis {#jcmm15277-sec-0004}
-----------------------

To obtain gelatin methacrylate used for hydrogel, we have adapted a previously described protocol.[^23^](#jcmm15277-bib-0023){ref-type="ref"}

Briefly, powdered type A gelatin from porcine skin (Sigma‐Aldrich) was dissolved in phosphate buffer and heated (40°C) to obtain a 10 wt% gelatin solution. Gelatin methacrylate (G‐MA) solution was formed by adding dropwise 0.04 mL:1 g gelatin methacrylic anhydride under vigorous stirring for 1 hour at 45°C. The reaction between gelatin and methacrylic anhydride was inactivated by lowering pH to 4.5, using 1 mol/L HCl.

The G‐MA solution was then dialysed and frozen. Subsequently, the solution was lyophilized for 72 hours which yielded a white porous foam‐like material, which was stored at −30°C before experimental use.

Hydrogel solution was obtained by mixing 10% G‐MA and 1% sodium alginate in PBS. Alginate was added as a sacrificial polymer, that is rapidly released in culture, giving the hydrogel porosity, useful for cell feeding and oxygenation. Finally, 0.1%. of photo‐initiator (Irgacure 2595) was added to the mix.

2.3. 3D constructs with VIC encapsulated in hydrogel and VEC seeded on top {#jcmm15277-sec-0005}
--------------------------------------------------------------------------

Confluent VIC were trypsinized and mixed in the pre‐polymer solution (2 × 10^6^ cells/mL). 100 μL of cell‐laden pre‐polymer solution was dropwise added on a 48‐cavity mould (Ø ‐ 8 mm, 1 mm thickness, Figure [1](#jcmm15277-fig-0001){ref-type="fig"}) and subsequently cross‐linked by exposure to UV light (365 nm) for 1 minute. Constructs were removed from the mould and placed into a 48‐well plate containing DMEM with 10% FBS and antibiotics. After 24 hours, human VEC (50 000/cm^2^) were seeded on the constructs. For some experiments, constructs were exposed to osteogenic medium (OM) (control medium supplemented with 10 mmol/L β‐glycerophosphate, 10 ng/mL ascorbic acid and 10^−8 ^mol/L dexamethasone). Cells grown on tissue culture polystyrene (TCPS) were used as 2D control.

2.4. Cell morphology and distribution in the 3D constructs {#jcmm15277-sec-0006}
----------------------------------------------------------

Constructs were fixed with paraformaldehyde 4% for 4 hours and then permeated with 0.2% Triton X‐100 for 10 minutes. Phalloidin‐TRITC was used for immunofluorescent staining of cytoskeletal proteins and 4′,6‐diamidino‐2‐phenylindole (DAPI) for nuclear staining. Samples were visualized with a fluorescence microscope (Olympus IX81) and analysed using imaging software cellSens and ImageJ.

2.5. Western blot {#jcmm15277-sec-0007}
-----------------

Protein expression of alpha‐SMA, vimentin, SMAD 1/5/8/9, SMAD2/3, BMP‐2, Runx‐2 and actin/GAPDH was assessed in lysate of VIC cultured in 2D or VEC and VIC isolated and separated from 3D constructs. For separation, 3D constructs (10 pooled constructs/ sample) were exposed to 520U/ml Liberase, and VIC population was obtained by negative selection using endothelial marker CD31‐MicroBeads (Miltenyi Biotech). The separated cells were subjected to electrophoresis and immunoblot assay as previously described.[^24^](#jcmm15277-bib-0024){ref-type="ref"} SuperSignal West Pico (Pierce) was used as chemiluminescent substrate, and the signal was visualized and acquired using a LAS‐3000 (FujiFilm) Imaging System.

2.6. Quantitative RT‐PCR {#jcmm15277-sec-0008}
------------------------

Gene expression of matrix proteins (collagen I, III, elastin, laminin and fibronectin) and metalloproteases (MMP‐1, MMP‐2, MMP‐9 and MMP‐13) was evaluated using qPCR. For each experiment, cells from 10 to 12 constructs were pooled to isolate enough RNA for cDNA synthesis. RNA isolation was performed using PureLink RNA mini Kit (Ambion^™^, Carlsbad, CA). First‐strand cDNA synthesis was performed employing 1μg of total RNA and MMLV reverse transcriptase (Invitrogen). Assessment of gene expression was done by amplification of cDNA using a LightCycler 480 RT‐PCR System (Roche) and SYBR Green I chemistry. The primer sequences are shown in Table [1](#jcmm15277-tbl-0001){ref-type="table"}. The relative quantification was done by comparative CT method and expressed as arbitrary units. Beta‐actin was used as reporter gene for all the investigated molecules.

###### 

The sequences of oligonucleotide primers used for evaluation of gene expression

+-------------+----------------------------+--------------------------------------+---------------------+
| Gene        | GenBank^®^accession number | Sequences of oligonucleotide primers | Predicted size (bp) |
+=============+============================+======================================+=====================+
| Coll I      | NM_000089                  | Fw: 5'‐aattggagctgttggtaacgc‐3'      | 125                 |
|             |                            |                                      |                     |
|             |                            | Rv: 5'‐caccagtaaggccgtttgc‐3'        |                     |
+-------------+----------------------------+--------------------------------------+---------------------+
| Coll III    | NM_000090.3                | Fw: 5'‐aggtcctgcgggtaacact‐3'        | 226                 |
|             |                            |                                      |                     |
|             |                            | Rv: 5'‐actttcacccttgacaccctg‐3'      |                     |
+-------------+----------------------------+--------------------------------------+---------------------+
| Elastin     | NM_000501.4                | Fw: 5'‐cattcctacttacggggttgga‐3'     | 95                  |
|             |                            |                                      |                     |
|             |                            | Rv: 5'‐ctccgacactagggacacc‐3'        |                     |
+-------------+----------------------------+--------------------------------------+---------------------+
| Laminin     | NM_005559.4                | Fw: 5'‐gtgatggcaacagcgcaaa‐3'        | 116                 |
|             |                            |                                      |                     |
|             |                            | Rv: 5'‐gacccagtgatattctctccca‐3'     |                     |
+-------------+----------------------------+--------------------------------------+---------------------+
| MMP‐1       | NM_002421.3                | Fw:5'‐aaaattacacgccagatttgcc‐3'      | 82                  |
|             |                            |                                      |                     |
|             |                            | Rv: 5'‐ggtgtgacattactccagagttg‐3'    |                     |
+-------------+----------------------------+--------------------------------------+---------------------+
| MMP‐2       | NM_004530                  | Fw: 5'‐ccgtcgcccatcatcaagtt‐3'       | 169                 |
|             |                            |                                      |                     |
|             |                            | Rv: 5'‐ctgtctggggcagtccaaag‐3'       |                     |
+-------------+----------------------------+--------------------------------------+---------------------+
| MMP‐9       | NM_004994                  | Fw: 5'‐gtgcgtcttccccttcactttcct‐3'   | 199                 |
|             |                            |                                      |                     |
|             |                            | Rv: 5'‐ggaatgatctaagcccagcg‐3'       |                     |
+-------------+----------------------------+--------------------------------------+---------------------+
| MMP‐13      | NM_002427.3                | Fw: 5'‐actgagaggctccgagaaatg‐3'      | 103                 |
|             |                            |                                      |                     |
|             |                            | Rv: 5'‐gaaccccgcatcttggctt‐3'        |                     |
+-------------+----------------------------+--------------------------------------+---------------------+
| BMP‐2       | NM_001200.4                | Fw: 5'‐actaccagaaacgagtgggaa‐3'      | 113                 |
|             |                            |                                      |                     |
|             |                            | Rv: 5'‐gcatctgttctcggaaaacct‐3'      |                     |
+-------------+----------------------------+--------------------------------------+---------------------+
| BMP‐4       | NM_130850.5                | Fw: 5'‐aaagtcgccgagattcaggg‐3'       | 135                 |
|             |                            |                                      |                     |
|             |                            | Rv: 5'‐gacggcactcttgctaggc −3'       |                     |
+-------------+----------------------------+--------------------------------------+---------------------+
| Osteocalcin | NM_199173.6                | Fw: 5'‐atgagagccctcacactcctc‐3'      | 294                 |
|             |                            |                                      |                     |
|             |                            | Rv: 5'‐gccgtagaagcgccgatag‐3'        |                     |
+-------------+----------------------------+--------------------------------------+---------------------+
| Osteopontin | NM_001040058.2             | Fw: 5'‐gaagtttcgcagacctgacat‐3'      | 91                  |
|             |                            |                                      |                     |
|             |                            | Rv: 5'‐gtatgcaccattcaactcctcg‐3'     |                     |
+-------------+----------------------------+--------------------------------------+---------------------+
| RUNX2       | NM_001024630.4             | Fw: 5'‐ccgcctcagtgatttagggc‐3'       | 132                 |
|             |                            |                                      |                     |
|             |                            | Rv: 5'‐gggtctgtaatctgactctgtcc‐3'    |                     |
+-------------+----------------------------+--------------------------------------+---------------------+
| β‐actin     | NM_001101.4                | Fw: 5'‐catgtacgttgctatccaggc‐3'      | 250                 |
|             |                            |                                      |                     |
|             |                            | Rv: 5'‐ctccttaatgtcacgcacgat‐3'      |                     |
+-------------+----------------------------+--------------------------------------+---------------------+
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2.7. Immunofluorescence analysis {#jcmm15277-sec-0009}
--------------------------------

Cryosections from 3D constructs were incubated overnight at 4°C with specific antibodies. After incubation, the sections were washed and incubated with FITC‐conjugated or AlexaFluor594‐conjugated secondary antibodies for 1 hour, at RT. Nuclei were counterstained with DAPI. Stained sections were visualized under a fluorescence microscope. Secondary antibodies (antimouse, anti‐rabbit or anti‐goat fluorochrome‐coupled antibodies) were used as negative controls to evaluate specific staining of each primary antibody.

2.8. Alizarin Red assay {#jcmm15277-sec-0010}
-----------------------

To quantify calcified matrix developed in normal or osteogenic conditions, 3D constructs were fixed with paraformaldehyde (4%, 1‐2 hours), washed three times with PBS and then incubated with 40 nmol/L Alizarin Red S. This dye binds to calcium crystals in cells or matrix fibres, revealing a red colour. Bound dye was released from the gels using 10% acetic acid. The concentration of dye in solution was then quantified using absorbance spectrophotometry at 405 nm wavelength.

2.9. Statistical analysis {#jcmm15277-sec-0011}
-------------------------

For every type of method, we performed 3 different experiments---every experiment consisting of different number of constructs with VIC and VEC from passage 4‐7. Statistical analysis was performed with GraphPad Prism 7.0 with data points denoting mean ± standard deviation (SD). Statistical significance is shown as *P*‐values obtained via a two‐tailed Student\'s t test when comparing two experimental groups and analysis of variance (one‐way ANOVA) with multiple comparisons when comparing more than two groups. A *P*‐value of *P* \< .05 was considered statistically significant.

3. RESULTS {#jcmm15277-sec-0012}
==========

3.1. 3D‐construct development and characterisation {#jcmm15277-sec-0013}
--------------------------------------------------

### 3.1.1. Characterisation of human VEC and VIC {#jcmm15277-sec-0014}

To characterize VEC and VIC isolated from human aortic valves, we assessed the expression of von Willebrand factor (vWF) and PECAM‐1 in VEC and the expression of vimentin and α‐SMA in VIC, using immunofluorescence technique. As shown, aortic VEC stained positive for endothelial markers vWF and PECAM‐1 (Figure [S1](#jcmm15277-sup-0001){ref-type="supplementary-material"}A) and VIC were positive for α‐SMA and vimentin protein (Figure [S1](#jcmm15277-sup-0001){ref-type="supplementary-material"}B).

### 3.1.2. The morphology and viability of valvular cells from 3D constructs {#jcmm15277-sec-0015}

After cell characterization, isolated VIC were encapsulated in G‐MA hydrogel and cross‐linked by exposure to UV light (Figure [1A](#jcmm15277-fig-0001){ref-type="fig"}). Subsequently, VEC were seeded on top, and resulted 3D constructs were cultured for different time periods. During the first week, VIC exhibited a fibroblast‐like phenotype, became elongated and interconnected, forming complex cell networks as shown in Figure [1B](#jcmm15277-fig-0001){ref-type="fig"} (at 7 days). VEC seeded on top proliferate and form a monolayer over the hydrogel as shown in the phase contrast picture or TRITC‐phalloidin staining (Figure [1B](#jcmm15277-fig-0001){ref-type="fig"}). Moreover, immunofluorescence results performed on cryosections revealed that specific VEC markers are localized mainly on the surface, while VIC markers, fibroblast specific protein‐1 (FSP‐1) and vimentin, are located inside the construct (Figure [S2](#jcmm15277-sup-0001){ref-type="supplementary-material"}). The viability of cells from constructs was investigated at 7, 14 and 21 days. Approximately 98% of cells remained viable after 7 days, whereas at 14 and 21 days, the number of cells exceeded the number of cells initially encapsulated per construct (Figure [S1](#jcmm15277-sup-0001){ref-type="supplementary-material"}C). These results suggest that cells from constructs are viable and are able to proliferate.

### 3.1.3. Phenotype of encapsulated VIC {#jcmm15277-sec-0016}

Experiments done to investigate the phenotype of VIC revealed that the gene expression of vimentin was unmodified in time (Figure [2B](#jcmm15277-fig-0002){ref-type="fig"}), while that of α‐SMA started to decrease after 2 weeks in 3D constructs compared with 2D culture (Figure [2A](#jcmm15277-fig-0002){ref-type="fig"}). The gene expression decrease was reflected in a dramatic reduction of α‐SMA protein expression in encapsulated VIC from 3D constructs compared with VIC cultured in 2D (after 14 days), while vimentin expression remains unchanged (Figure [2C](#jcmm15277-fig-0002){ref-type="fig"}).

![Phenotype of VIC and VEC from the 3D constructs. A and B, mRNA expression of VIC markers, α‐SMA (A) and vimentin (B), in VIC isolated from 3D constructs cultured for different period of time (7, 14 or 21 days), compared with VIC grown in 2D culture (7 days). n = 3, \**P* \< .05, VIC from 3D compared with VIC from 2D. Data depicted as mean ± SD. C, Evaluation of protein expression for α‐SMA and vimentin in VIC isolated from 3D constructs or from 2D culture by Western blot, n = 3, \**P* \< .05, VIC from 3D compared with VIC from 2D](JCMM-24-6350-g002){#jcmm15277-fig-0002}

3.2. **VIC encapsulated in 3D** **constructs exhibit remodelling activity** {#jcmm15277-sec-0017}
---------------------------------------------------------------------------

VIC from 3D constructs exhibited a continuous expansion, a process that requires hydrogel remodelling, being dependent on both MMP activity and ECM production. Thereby, to investigate the capacity of encapsulated VIC for hydrogel remodelling, we analysed the expression of main MMPs and ECM proteins found in the aortic valve. After 7 days, we found enhanced gene expression of collagenases MMP‐1 and MMP‐13 and gelatinases MMP‐2 and MMP‐9 (Figure [3A](#jcmm15277-fig-0003){ref-type="fig"}) in encapsulated VIC compared with VIC grown in 2D. As shown in Figure [3A](#jcmm15277-fig-0003){ref-type="fig"}, after this time period, MMP expression starts to decrease, reaching control expression levels at 21 days. Interestingly, ECM components of valvular tissue---collagen I, collagen III, elastin and laminin---reach the maximum gene expression at day 14, followed by an important decrease at 21 (Figure [3B](#jcmm15277-fig-0003){ref-type="fig"}). Protein expression of ECM molecules was also confirmed by immunofluorescence assay on sections obtained from 3D constructs (Figure [3C](#jcmm15277-fig-0003){ref-type="fig"}).

![Expression of molecules associated with matrix remodelling by VIC cultured in 2‐dimensional conditions compared with VIC isolated from 3D constructs. A, Gene expression of matrix metalloproteases MMP‐1, MMP‐2, MMP‐9 and MMP‐13 in VIC cultured in 2D (7 days) versus VIC from 3D constructs at different periods of time---7, 14 or 21 days, as evaluated by real‐time PCR. B, Gene expression of extracellular matrix proteins by VIC cultured in 2‐dimensional conditions compared with VIC isolated from 3D constructs. The mRNA of matrix proteins was normalized to actin mRNA. Note that VIC isolated from 3D constructs exhibited a time‐dependent increase of collagen I, III, elastin and laminin mRNAs. n = 3, \**P* \< .05, \*\**P* \< .01, \*\*\**P* \< .001 VIC from 2D versus VIC from 3D. C, Protein expression of ECM as evaluated by immunofluorescent technique. Representative images of laminin (a), elastin (b) and collagen III (c) in sections obtained from 3D constructs with human VEC and VIC. The sections were marked with specific primary antibodies and Alexa‐ or FITC‐coupled secondary antibodies (red or green staining). Nuclei were stained with DAPI (blue staining)](JCMM-24-6350-g003){#jcmm15277-fig-0003}

3.3. The osteogenic environment activates encapsulated VIC and induces calcific nodule formation in 3D constructs {#jcmm15277-sec-0018}
-----------------------------------------------------------------------------------------------------------------

In order to test the functionality of our 3D model to study the mechanisms of calcific valve diseases, constructs with VIC or with VEC‐VIC were exposed to osteogenic stimuli for 14 days. In normal culture media, constructs exhibited low reactivity for Alizarin Red staining, as show in Figure [4A](#jcmm15277-fig-0004){ref-type="fig"}. Contrary, exposure to osteogenic environment stimulated calcific nodule formation. Moreover, osteogenic media induced significantly higher (twofold increase) calcium deposits in constructs only with VIC, as compared to those with VIC‐VEC (Figure [4A](#jcmm15277-fig-0004){ref-type="fig"}), suggesting a protective effect of VEC over VIC osteogenic transformation. To further investigate the calcific process, we assessed osteogenic transformation of VIC. We found that BMP‐2 exhibited a 7‐time increased level in VIC from constructs exposed to osteogenic conditions compared with VIC from constructs grown in normal conditions (Figure [4B](#jcmm15277-fig-0004){ref-type="fig"}). Moreover, Runx2, osteopontin and osteocalcin mRNA were also significantly increased in VIC from osteogenic conditions.

![Osteogenic environment favours the calcium deposits development and induces osteogenic phenotype of VIC in 3D constructs. A, Alizarin Red was used to stain the mineralized nodules formed by cells from 3D constructs with VIC or 3D constructs with VEC and VIC (v‐v) cultured for 14 days. The lower panel shows the representative stained construct from each of the experimental group. The upper graph displays the quantitative measurement of Alizarin Red dye released from the mineralized nodules formed in 3D constructs cultured in normal conditions or exposed to osteogenic media (OST: 10 mM β‐glycerophosphate, 10 ng/mL ascorbic acid and 10^−8^ mol/l dexamethasone). n = 3, \*\**P* \< .01, \*\*\*\**P* \< .0001. B, mRNA expression of osteogenic molecules (BMP‐2, osteocalcin, osteopontin and RUNX2) in VIC isolated from 3D constructs cultured in normal conditions or exposed to OST media for 14 days. Note that VIC isolated from 3D constructs exposed to OST media exhibit a significantly increased expression of osteogenic molecules mRNAs. n = 3, \**P* \< .01, \*\**P* \< .01, \*\*\**P* \< .001 VIC from 3D‐OST versus VIC from 3D. Data depicted as mean ± SD](JCMM-24-6350-g004){#jcmm15277-fig-0004}

3.4. High glucose concentration induces different expression of osteogenic molecules in VEC versus VIC from 3D construct {#jcmm15277-sec-0019}
------------------------------------------------------------------------------------------------------------------------

Compared with non‐diabetics, patients with diabetes have greater calcification and increased expression of osteogenic molecules.[^25^](#jcmm15277-bib-0025){ref-type="ref"} Thus, to investigate whether and how the valvular cells respond to HG, 3D constructs were exposed to normal glucose (NG, 5 mmol/L) or HG (25 mmol/L) for 7 and 14 days. Molecules associated with the process of valve calcification were evaluated in VEC and VIC isolated and separated from 3D constructs. After 7 days, BMP‐2, BMP‐4 and Runx‐2 gene expressions were significantly increased by HG in VEC, while BMP‐2, osteopontin and Runx‐2 were significantly increased in VIC (Figure [5A, B](#jcmm15277-fig-0005){ref-type="fig"}). After 14 days, only BMP‐4 was still increased in VEC, while in VIC all the investigated osteogenic molecules were significantly increased by HG (Figure [5C, D](#jcmm15277-fig-0005){ref-type="fig"}).

![Gene expression of osteogenic molecules expressed by VEC and VIC from 3D constructs cultured in NG or HG conditions. A and C, Gene expression of BMP‐2, BMP‐4, osteocalcin, osteopontin and Runx‐2 in VEC isolated from 3D constructs after 7 (A) and 14 (C) days, as evaluated by real‐time PCR. n = 3. B and D, Gene expression of osteogenic molecules in VIC isolated from 3D constructs after 7 (B) and 14 (D) days, as evaluated by real‐time PCR. The mRNA of osteogenic molecules was normalized to actin mRNA. n = 3, \**P* \< .05, \*\**P* \< .01, \*\*\**P* \< .001 VIC from 2D versus VIC from 3D](JCMM-24-6350-g005){#jcmm15277-fig-0005}

3.5. TGF‐β and BMP‐2 signalling pathways are triggered by high glucose levels {#jcmm15277-sec-0020}
-----------------------------------------------------------------------------

TGF‐β and BMP signalling pathways are involved in different cellular processes, including bone formation during mammalian development and valve calcification. Signalling transduction by TGF‐β and BMPs occurs both, by canonical SMAD‐dependent pathways and non‐canonical SMAD‐independent signalling pathways (eg. p38 MAPK pathway),[^26^](#jcmm15277-bib-0026){ref-type="ref"} and converge at the Runx2 to control osteoblast‐specific genes expression.

However, it is not yet known whether BMP and TGF‐β pathways are activated by HG in human valvular cells. We supposed that a HG microenvironment could trigger these signalling pathways in valvular cells incorporated in our 3D model, process that could be responsible for valve calcification in diabetic patients.

BMP‐2 and TGF‐β secretion was assessed by ELISA assay in media from VIC‐VEC 3D constructs exposed to NG or HG for 7 days. As shown in Figure [6A, B](#jcmm15277-fig-0006){ref-type="fig"}, HG significantly enhanced BMP‐2 and TGF‐β secretion. In addition, BMP‐2 protein expression was also found increased by HG in cell lysates of both VEC and VIC (Figure [6C](#jcmm15277-fig-0006){ref-type="fig"}). As SMADs are canonical mediators of TGF‐β and BMP signalling, we next investigated the activation of SMAD proteins induced by HG. Western blot analysis revealed that HG significantly induced phosphorylation of SMAD1/5/8/9 in VIC (Figure [6D](#jcmm15277-fig-0006){ref-type="fig"}) and of SMAD2/3 in both VEC and VIC (Figure [6E](#jcmm15277-fig-0006){ref-type="fig"}). As a consequence, protein expression of Runx‐2 was significantly increased in VIC isolated form 3D constructs exposed to HG for 7 days (Figure [6F](#jcmm15277-fig-0006){ref-type="fig"}).

![Protein expression of osteogenic signalling pathway molecules expressed by VEC and VIC from 3D constructs, cultured in NG or HG conditions. A and B, Soluble BMP‐2 and TGF‐β released in the conditioned media by valvular cells from 3D construct exposed to NG or HG conditions, as determined by ELISA assay. n = 3, \**P* \< .05. C‐F, Protein expression of BMP‐2, pSMAD1/5/8/9, pSMAD2/3 and Runx‐2 in VIC and VEC as determined by Western blot. n = 3, \**P* \< .05\*\**P* \< .01 high glucose vs normal glucose](JCMM-24-6350-g006){#jcmm15277-fig-0006}

3.6. Exposure of 3D constructs to osteogenic media increases calcium deposits in HG, compared with NG condition {#jcmm15277-sec-0021}
---------------------------------------------------------------------------------------------------------------

As we have found that HG levels up‐regulate some key osteogenic molecules in VEC and VIC, we next investigated whether HG accelerates the calcification process. Therefore, constructs were exposed to NG or HG in the presence or absence of osteogenic stimuli for 14 days and then evaluated for calcium deposits. Samples exposed only to HG did not develop increased calcium deposits compared with NG. However, exposure to osteogenic environment in the presence of HG stimulated calcific nodule formation, as revealed by significant increase of calcium staining (Figure [7](#jcmm15277-fig-0007){ref-type="fig"}).

![Calcium deposits development in 3D constructs exposed to NG or HG concentration in an osteogenic environment. Alizarin Red was used to stain the mineralized nodules formed by cells from 3D constructs with VEC and VIC cultured for 14 days in NG or HG in presence or absence of osteogenic media (OST). n = 3, \*\*\*\**P* \< .0001](JCMM-24-6350-g007){#jcmm15277-fig-0007}

4. DISCUSSION {#jcmm15277-sec-0022}
=============

Calcific aortic valve disease is a degenerative disease characterized by inflammation, fibrosis and calcification, leading to hardening and stiffening of the aortic valve leaflet, processes that can cause death.[^27^](#jcmm15277-bib-0027){ref-type="ref"}, [^28^](#jcmm15277-bib-0028){ref-type="ref"} Although remarkable efforts have been made recently in heart valve tissue engineering, knowledge of valve cell biology, specifically of VIC, remains incomplete. The future of aortic valve research is likely to elucidate the mechanisms underlying the leaflet calcification, which could lead to new biomarkers and possible new targets for therapy. This will require the valve leaflet models to be as close as possible to the human leaflet and respond in a similar way as a normal valve to pathological and physiological conditions.

In this study we developed a 3D model for aortic valve leaflet and exposed it to HG concentration, in order to investigate the mechanism of CAVD in a diabetic environment. We have demonstrated that VIC encapsulated in this hydrogel gain a quiescent fibroblast‐like phenotype with low α‐SMA expression that spread and develop cell networks. Exposure to osteogenic conditions leads to the development of calcium deposits, suggesting that this model can be used to study the calcification process of the valve. Therefore, when constructs were exposed to HG concentration, both VEC and VIC developed an osteoblast‐like phenotype, with increased expression of osteogenic molecules belonging to TGF‐β and BMP‐2 signalling pathways.

Previously, different hydrogel formulas with natural or synthetic polymers have been used to create 3D scaffolds, in order to obtain a quiescent phenotype of VIC in vitro. Thus, culturing bovine VIC on hyaluronic acid‐based hydrogels exhibited stability over time, yielded a viability greater than 75% over 14 days but affected cell spreading, keeping them in a spherical shape.[^29^](#jcmm15277-bib-0029){ref-type="ref"} Conversely, human VIC loaded in collagen gels with various densities exhibited different cell viability and proliferation, with a maximum effect on VIC proliferation being observed for 1% collagen gel; however, these VIC exhibit increased expression of α‐SMA, possibly reflecting myofibroblastic differentiation.[^30^](#jcmm15277-bib-0030){ref-type="ref"} VIC encapsulated in hybrid hydrogels fabricated from hyaluronic acid and gelatin presented a quiescent phenotype, but exhibited a spherical morphology and did not develop cell networks, even though the concentration of encapsulated VIC was 10 million/mL.[^31^](#jcmm15277-bib-0031){ref-type="ref"}

In our model, loaded VIC exhibited fibroblast‐like morphology and a dynamic phenotype, characterized by increased production of ECM proteins and MMPs, providing the basis for hydrogel remodelling. In the first week, VIC exhibited an activated phenotype characterized by enhanced expression of α‐SMA, MMPs and ECM proteins. In the second week, MMP production along with α‐SMA expression started to decrease, suggesting that VIC shift towards a quiescent phenotype. The decreased expression of both MMPs and ECM proteins found at 21 days may indicate that the hydrogel remodelling was diminished at this time, and VIC acquired a quiescent phenotype.

Although there is evidence that VIC may transform into myofibroblasts and osteoblasts in 3D gelatin‐based models,[^31^](#jcmm15277-bib-0031){ref-type="ref"} previous studies did not include endothelial cells. Our data revealed that 3D constructs only with VIC exhibited a significant increase in calcium staining compared with 3D constructs with VEC/VIC. These results suggest a functional communication between valvular cells and a protective effect of VEC on VIC transformation towards osteogenic phenotype.

It is known that diabetes is predictive of poor prognosis in valve disease and of faster degeneration for implanted bio‐prosthetic aortic valves,[^32^](#jcmm15277-bib-0032){ref-type="ref"}, [^33^](#jcmm15277-bib-0033){ref-type="ref"} but the molecular mechanisms involved in diabetes‐associated CAVD are unknown. In this study, we demonstrated that exposure of 3D constructs to diabetic conditions, led to increased expression of osteogenic molecules in valvular cells. Thus, expression of BMP‐2---the earliest and most specific maker of the osteoblastic phenotype---and of TGF‐β---also a mediator of aortic VIC calcification---was found increased in cells and in conditioned media from 3D constructs exposed to HG. Previously, it was found that HG levels induce TGF‐β in smooth muscle cells (SMC), dependent by PKC.[^34^](#jcmm15277-bib-0034){ref-type="ref"} As PKC is a protein kinase activated by reactive oxygen species (ROS), we performed experiments to evaluate whether ROS are increased by HG. Our preliminary data indicate an increased ROS expression in cells from constructs exposed to HG, (Figure [S3](#jcmm15277-sup-0001){ref-type="supplementary-material"}). Therefore, we suppose that HG increases the TGF‐β and BMP‐2 dependent by ROS signalling pathway.

Subsequent to TGF‐β/BMP induction, both SMAD and p38 MAPK pathways converge to Runx2 and control osteoblast differentiation.[^26^](#jcmm15277-bib-0026){ref-type="ref"} Therefore, under HG conditions, both VEC and VIC from 3D construct exhibited significantly increased levels of phosphorylated form of SMAD2/3 with SMAD1/5/8/9 and of Runx‐2 increased only in VIC. The activated SMADs signalling pathways in VIC lead to overexpression of all investigated osteogenic molecules after 14 days. These results are in accord with our recent data demonstrating the increased protein expression of BMP‐2/‐4, OSC and OSP early, in a diabetic mouse model.[^19^](#jcmm15277-bib-0019){ref-type="ref"} The increased expression of osteogenic molecules induced by HG is reflected in elevated calcium deposits when the 3D constructs were exposed to an osteogenic environment.

There are few studies regarding the effects of HG on osteogenic pathways and molecules associated with aortic valve calcification. Recently, osteopontin gene expression and calcium deposition were not found modified by HG in VIC cultured in 2D system,[^21^](#jcmm15277-bib-0021){ref-type="ref"} differences that underline VIC response to 3D culture.

Other studies that investigated the effect of HG on vascular calcification found that HG increase the expression of Runx‐2 and BMP‐2 and calcification of vascular SMC.[^25^](#jcmm15277-bib-0025){ref-type="ref"} TGF‐β was also found important in vascular calcification in a study showing that TGF‐β1 induces osteogenesis in SMC, working synergistically with elastin degradation products.[^35^](#jcmm15277-bib-0035){ref-type="ref"} Moreover, HG coupled with elastin degradation products and TGF‐β cause a greater degree of osteogenesis to SMC by overexpression of typical osteogenic markers.[^36^](#jcmm15277-bib-0036){ref-type="ref"} These data, along with our results underline the involvement of TGF‐β and BMP‐2 signalling pathways in the osteogenic process associated to HG levels.

Our study is limited by the static nature of experiments. Blood flow--induced shear stress and hemodynamic forces have major roles in valve tissue development and in normal and pathological structural integrity of the valves.[^37^](#jcmm15277-bib-0037){ref-type="ref"} However, as biomechanical signals are transduced in interactions between VEC and VIC and ECM that modulate valve dynamic response,[^38^](#jcmm15277-bib-0038){ref-type="ref"} and our model allows cell‐to‐cell and ECM communication, we propose it as an appropriate model that can be used to further understand the role of valvular cells in CAVD initiation and progression.

Taken together, our data highlight the potential of 3D model with human valvular cells as a suitable system to investigate VIC phenotype changes, as a result of both communication with valvular endothelial cells and exposure to pathological stimuli. In addition, increased osteogenic molecules and calcium deposition induced by high glucose levels, dependent of TGF‐β and BMP‐2 signalling pathways, could explain the increased risk of degenerative aortic valve disease and calcification found in diabetic patients.
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